ABSTRACT Membrane currents and extracellular [K+] were measured in canine Purkinje strands during voltageclamp steps to plateau or diastolic potentials. Extracellular [K+] increased during step depolarizations and decreased during step hyperpolarizations. On hyperpolarization, the largest fraction of the K+ depletion occurred during the initial 500 ms of the voltage-clamp step and was correlated with a potassium depletion current, the id. A slower component of the depletion also occurred on hyperpolarization and had a time constant consistent with cylindrical diffusion of potassium within the Purkinje strands. On depolarization, there is an accumulation of K+ that is correlated with the plateau current i,x. On termination of depolarizing test pulses, the K+ accumulation decays with a time course similar to the ix tail current. Surprisingly, no accumulation of K+ occurred during the arrhythmogenic transient inward current, TI, suggesting that the selectivity of this current should be reevaluated.
The cardiac Purkinje fiber is a functional syncytium in which most of the membrane surface faces clefts between 100 A and 1 Am in diameter (Mobley and Page, 1972; Hellam and Studt, 1974; Eisenberg and Cohen, 1983) . The presence of these narrow clefts lead us to expect significant changes in extracellular [K+] when the magnitude of the transmembrane K+ current changes (Attwell et al., 1979; . Direct measurements with K+ selective electrodes in the extracellular space during the action potential have demonstrated significant increases in cleft [K+] during the action potential plateau. This K+ accumulation decays during diastolic depolarization (Kline et al., 1980; Kline and Kupersmith, 1982) . To extend these observations, in the present study we employ the voltage clamp and extracellular K+ selective microelectrodes. Our purpose is to examine the relationship of diastolic and plateau membrane currents to changes in extracellular [K+] . Some background on the relevant currents (id, ix, and the TI) is provided below.
The dominant background current at diastolic potentials in the Purkinje fiber current-voltage relationship is the inwardly rectifying K+ current iK, (Vereecke et al., 1980) . On hyperpolarizing voltage steps from plateau potentials to diastolic potentials in the inwardly rectifying potential range, there is a dramatic decrease in the background K+ efflux. This decreased K+ efflux (or at potentials negative to the K+ equilibrium potential, net K+ influx) through iK, has been postulated to lead to net K+ depletion from the extracellular spaces is reflected in the K+ depletion current, id (Baumgarten and Isenberg, 1977 (Sakmann and Trube, 1984) .
On depolarization at plateau potentials, there are slow time dependent changes in membrane current that have been called 4,, and iX2 (Noble and Tsien, 1969) . These gated currents are thought to be partially, but not entirely K+ selective. Clearly the initial analysis (Noble and Tsien, 1969) did not consider the presence of the slow inward Ca2, current that is known to exist in the same potential range. Also, more recent experiments have questioned the entire formalism for ix as initially presented (Jaeger and Gibbons, 1981) .
When cardiac Purkinje fibers are exposed to a toxic concentration of cardiac glycosides or an elevated bathing [Ca2+] , a transient inward current, TI, may be induced (Lederer and Tsien, 1976; Kass et al., 1978) . The TI is most frequently observed following a period of rapid stimulation or on repolarization following a depolarizing voltage-clamp pulse of several seconds in duration. This oscillatory current is believed to underlie a variety of triggered arrhythmias and so its properties are of substantial clinical interest (Rosen et al., 1980) . Present evidence suggests that the TI is mediated by a rise in cytosolic [Ca2"] and is carried through a channel that is about equally selective to Na+ and K+ (Lederer and Tsien, 1976; Colquhoun et al., 1981) . The oscillatory nature of the TI has made it difficult to unambiguously characterize its selectivity since the reversal potential has been assessed by changes in the phase of the oscillation rather than by a simple change in the direction of current flow.
We have employed the two microelectrode voltageclamp technique with extracellular double-barreled K+-selective microelectrodes to examine the K+ dependence of the depletion current, id, the plateau current system, ix, and the arrhythmogenic TI. We find that the id is accompanied by a rapid phase of extracellular K+ depletion, which supports previous conclusions based on indirect measures. During depolarizations in the plateau range of potentials, there are slow progressive increases in cleft K+; these K+ accumulations decay with a time course similar to ix tail currents, which suggest at least a partial K+ selectivity for these slow time-dependent plateau membrane currents and/or the role of the K+ accumulation itself in generating the time dependence. However, no extracellular K+ accumulation accompanies the TI. The absence of extracellular K+ accumulation with the TI raises questions concerning the selectivity of this current.
We used canine cardiac Purkinje fibers of narrow radius (<0.2 mm) cut short (<2 mm) to employ the two microelectrode voltage-clamp technique (Deck et al., 1964; Cohen et al., 1983) . Solutions contained in millimoles per liter: NaCl 140, KCl 4 or 8, CaCl2 4, MgCl2 2, NaHCO3 12, NaH2PO4 0.4, and 1.5 g/l glucose. The elevated concentration of Ca2, increased the probability of seeing the TI current after step depolarizations . We continuously bubbled solutions with a 95% 02, 5% CO2 gas mixture. The pH of the solution was 7.12 in the bottle and between 7.3 and 7.4 in the open tissue bath. The temperature was maintained between 320 and 370C, and constant to within 0.50C in a given experiment. Double-barreled K+-selective microelectrodes were fabricated and calibrated as previously described (Kline et al., 1980; Kline and Kupersmith, 1982; Kline and Morad, 1978) , with the additional provision that smaller diameter tips (< ljim) were required to minimize tissue damage when the electrodes were inserted in the extracellular space. The selectivity and time constant (-30 V2.4048J DK For a preparation of radius 0.15 mm, T is between 2.0 and 4.5 s. Thus, the slowing of the rate of K+ depletion during the final 4 s probably represents cylindrical diffusion of K+ into this preparation of 0.15-mm radius. In fact, during both depolarizing and hyperpolarizing clamp steps, the [K+]0 changes could be fit as two exponentials, where the slower time constant approximates the cylindrical diffusion time constant of the preparation (see also Kline and Kupersmith, 1982) . ( -40 to -23, -40 to -30, -30 to -19) , there is a slow change in membrane current that is correlated with a slow increase in extracellular [K+] . On repolarization (-23 to -40, and -19 to -30) , there is a slowly decaying ix tail current, correlated with a decay of the accumulated extracellular [K+] . To emphasize this correlation between membrane current and changes in extracellular [K+], the step from -30 to -19 mV is shown in Fig. 2 b at expanded gain. Also present in the current record in Fig. 2 b immediately following repolarization is the oscillatory TI current (indicated by the arrows in Fig. 2 a) . It is shown further expanded in the inset along with the extracellular K+ record. There is no accumulation of K+ during the TI oscillation. Fig. 3 shows three additional records of the TI recorded in another preparation following 10-s depolarizing pulses from potentials of -41, -49, and -55 mV to a potential of -34 mV. Again the oscillatory TI is not accompanied by an accumulation of K+. In this preparation a total of nine such clamp steps yielded similar TI oscillations with no associated K+ accumulation.
The changes in extracellular [K+] we report here have been predicted by substantial previous computer modeling and theoretical investigation Attwell et al., 1979; Levis et al., 1983 I driving force on K+ and the associated change in background K+ conductance are responsible for creating the time-dependent depletion current, id. Alternatively, on depolarization both the gated K+ current, ix, and the background K+ current, iKI, are increased and contribute to the observed increase in the extracellular concentration of K+. This accumulation of K+ alters the relationship between the gating of the membrane channels and the observed membrane current, which makes meaningful analysis of channel gating almost impossible.
The present results were obtained in canine Purkinje fibers where the extracellular spaces, although restricted, are somewhat more favorable than the more commonly used ungulate preparations (Mobley and Page, 1972; Hellman and Studt, 1974; Eisenberg and Cohen, 1983 (Eisner and Lederer, 1979) or prolonged exposures to toxic doses of cardiotonic steroids (Lederer and Tsien, 1976) . It was necessary to keep the after-contraction associated with the TI current small so as not to dislodge our K+ electrode from its extracellular position. Nevertheless, given the size of the oscillatory current, its assumed equal Na+ and K+ selectivity, the potential at which it was recorded, and the ability of the K-ISE to detect K+ changes during activation of other currents, we calculate that K+ accumulation should have been observed if the TI occurred uniformly throughout the preparation (Lederer and Tsien, 1976) . Our results, along with other recent studies on the TI current reversal (Clusin et al., 1983; Karagueuzian and Katzung, 1982) , suggest that further experiments investigating the selectivity of the TI current are necessary.
